Heterogeneous environments, such as mountainous landscapes, create spatially varying selection pressure that potentially affects several traits simultaneously across different life stages, yet little is known about the general patterns and drivers of adaptation in such complex settings. We studied silver fir (Abies alba Mill.) populations across Switzerland and characterized its mountainous landscape using downscaled historical climate data. We sampled 387 trees from 19 populations and genotyped them at 374 single-nucleotide polymorphisms (SNPs) to estimate their demographic distances. Seedling morphology, growth and phenology traits were recorded in a common garden, and a proxy for water use efficiency was estimated for adult trees. We tested whether populations have more strongly diverged at quantitative traits than expected based on genetic drift alone in a multi-trait framework, and identified potential environmental drivers of selection. We found two main responses to selection: (i) populations from warmer and more thermally stable locations have evolved towards a taller stature, and (ii) the growth timing of populations evolved towards two extreme strategies, 'start early and grow slowly' or 'start late and grow fast', driven by precipitation seasonality. Populations following the 'start early and grow slowly' strategy had higher water use efficiency and came from inner Alpine valleys characterized by pronounced summer droughts. Our results suggest that contrasting adaptive life-history strategies exist in silver fir across different life stages (seedling to adult), and that some of the characterized populations may provide suitable seed sources for tree growth under future climatic conditions.
Introduction
Phenotypic differences between populations may reflect neutral, adaptive, and/or plastic processes (Kawecki and Ebert 2004) . Neutral processes often lead to phenotypic differentiation between populations at the species' range edges, where populations are small and isolated (e.g., Hampe and Petit 2005; Kawecki 2008 ). The relative importance of adaptation and plasticity ultimately depends on the degree of environmental heterogeneity and the dispersal ability of the species (Via and Lande 1985; Sultan and Spencer 2002, Chevin and Lande 2010; Polechova 2018) . Local adaptation is likely to establish when the spatial scale of environmental variation is greater than the dispersal ability of the species, while plasticity is likely to be favoured with a fine-scale environmental variability and/ or in the presence of long-distance gene flow.
Forest trees have large effective population sizes, species ranges that span large spatial scales, a long life-span and a predominantly outcrossing mode of reproduction (Petit and Hampe 2006) . Long-distance gene flow is also common in forest trees and its role in adaptation has been recognized (Kremer et al. 2012) . These characteristics largely favour plasticity, which has been illustrated by multi-site common garden trials, for example for growth (e.g., Rehfeldt et al. 2002) or phenology (e.g., Vitasse et al. 2010; De Kort et al. 2016 ); see further references in Kremer et al. (2012) . Nevertheless, local adaptation is also common in forest trees, with ample evidence for adaptive divergence along continuous environmental clines, such as those created by latitude or distance to the sea in the boreal zone, or altitudinal gradients in the temperate zone (Savolainen et al. 2007; Alberto et al. 2011; Lind et al. 2018) .
While adaptation has been extensively studied along environmental gradients, much less is known about its general patterns and drivers in heterogeneous environments. Indeed, populations across heterogeneous landscapes may display rapid and often non-predictable changes in genetic diversity and trait divergence (Yeaman and Jarvis 2006) . Mountainous regions of the Northern Hemisphere often create such heterogeneous landscapes for many species. Here, post-glacial recolonization not only traced the climatic niche, but was also constrained by topography, creating complex patterns in species distributions and demography (Hewitt 1999) . Environmental drivers of adaptation in mountain ranges can go undetected with coarse-scale climate data (e.g., Austin and Van Niel 2011; Ruosch et al. 2016 ). The development of many fine-scale environmental data sets provides new opportunities to study adaptation across mountainous landscapes (e.g. Karger et al. 2017; Hengl et al. 2017) . It is also increasingly recognized that spatial heterogeneity in climate in mountainous landscapes represents an important spatial buffer in response to climate change (e.g., Ackerly et al. 2010) .
The phenotypic signature of spatially varying selection across populations can be assessed using Q ST , a measure of genetic differentiation between populations (Whitlock 2008) . Comparing Q ST with divergence at neutral genetic markers (F ST ) provides a means for identifying locally adapted populations (Whitlock 2008; Whitlock and Guillaume 2009) . In principle, a comparison of Q ST to F ST controls for demography, but insufficiently so, because the complex history of potentially numerous populations cannot be adequately represented by F ST . This issue has been widely recognized and alternative solutions have been suggested (e.g. Chenoweth and Blows 2008, Martin et al. 2008) . The most complete approach has been proposed by Ovaskainen et al. (2011) , which uses a statistically more powerful and biologically more meaningful null hypothesis: it accounts for the neutral demographic distances among all populations to derive a null expectation of trait divergence (see applications in e.g., De Kort et al. 2016; Schäfer et al. 2018 ). Furthermore, most past studies assessed traits in isolation from each other and focus on traits that are likely affected by the studied environmental gradient. The method of Ovaskainen et al. (2011) can be used to assess adaptive divergence on multiple traits at a time, thus potentially identify adaptive life-history strategies.
Most evidence for adaptive divergence in forest trees comes from seedling traits measured in common garden experiments. Although multiple seedling traits can be used to identify adaptive life-history strategies, it is difficult to assess if results are transferable to natural populations (e.g., Neale and Kremer 2011) . Indeed, trees have a long life span with two characteristic life-history stages, seedling and adult, where different selection pressures and physiological processes are operating (Petit and Hampe 2006) . Connecting these two life stages is essential because seedling mortality has the largest impacts on the structure and function of future forests, while the death of big trees causes the longest lasting carbon losses (McDowell et al. 2013 ). Tree breeders have long known that seed or seedling traits are often poor predictors of adult traits in field conditions (e.g., Resende et al. 2012) , with some exceptions, e.g., wood traits (Gaspar et al. 2008) or seed size in pines (Zas and Sampedro 2015) . Measures of adult growth traits in-situ may also be uninformative when they are affected by management practices and competition, even if this effect is less pronounced for shade-tolerant species, such as silver fir (Kunstler et al. 2011) . In contrast, carbon isotope discrimination, δ 13 C, may represent a suitable trait for adult trees. δ 13 C is related to the intrinsic water-use efficiency, a measure of relative water loss per molecule carbon acquired in the leaf, and has been advocated as a proxy for drought tolerance (Farquhar et al. 1989) . In vascular plants, δ 13 C is to a large extent genetically determined (Dawson et al. 2002) , and several important quantitative trait loci (QTL) have been identified in forest trees (Brendel et al. 2002 (Brendel et al. , 2008 . Further, for example, in Picea mariana, δ 13 C was highly negatively genetically correlated to growth, while being less environmentally sensitive than growth, thus the authors suggested this trait for indirect selection for growth (Johnsen et al. 1999) . Overall, δ 13 C is one of the key traits for understanding the genetics of drought tolerance (Moran et al. 2017) .
Here, we study adaptive divergence patterns in populations of silver fir (Abies alba Mill.) across a highly heterogeneous mountainous landscape. We asked whether populations have developed adaptive life-history strategies in response to local climatic conditions that are consistently present from the seedling to adult stage, while controlling for demographic distances between populations. Seedling morphology, growth and phenology were recorded in a common garden on half-sib families. We hypothesized that traits most likely do not evolve independently, thus we used a multi-trait quantitative genetic approach to identify correlated responses to selection. Adult δ 13 C was measured insitu on unrelated individuals, and was used to correlate the populations' mean water use efficiency in the field with the populations' mean life-history strategies in seedlings. We developed a set of fine spatial scale historical climate variables to identify potential drivers of locally adapted lifehistory strategies. Finally, we estimate the evolutionary potential in seedling quantitative traits to assess the future of silver fir populations in Switzerland.
Material and methods

Study system
Silver fir is an ecologically and economically important European conifer. It can likely tolerate episodes of drought due to its deep rooting system (e.g., Lebourgeois et al. 2013; Vitali et al. 2017 ) and its high tolerance to bark beetle attacks (Wermelinger 2004) . We selected 19 putatively autochthonous silver fir populations across a highly heterogeneous Alpine region across the Swiss Alps, Pre-Alps, Central Plateau and Jura Mountains (Fig. 1a , Supporting Information Fig. S1 and Table S1 ). The selection was based on various data sources, including the national register of seed stands (NKS, for autochthony/allochthony information), national forest inventory (NFI, for the distribution of silver fir and stand histories), the long-term forest ecosystem research (LWF), and after consulting forest experts. In 2009, seeds were collected from three trees, and in 2013 and 2016, needles were sampled from 19 to 22 adult trees per population (total of 387 trees), including the previously sampled trees. A minimum distance of 100 m was respected between the sampled trees to minimize the risk of collecting closely related trees (e.g., parent-offspring or sibs). Note that it is common practice to sample adult trees with only 20 m (Mosca et al. 2012) or 37 m (Roschanski et al. 2016) minimum distance for population samples.
Based on palynological evidence, it is likely that the Swiss range of silver fir was colonized from south to north after the Last Glacial Maximum. The species most likely reached the southern slopes of the Alps between 10 and 9 kyr BP and the northern slopes between 8 and 5 kyr BP (van der Knaap et al. 2005; Liepelt et al. 2009; Ruosch et al. 2016) . Range-wide patterns of chloroplast and mitochondrial DNA variation (Liepelt et al. 2002) and isozyme data (Burga and Hussendörfer 2001) from extant silver fir populations suggest that the Swiss Alps were colonized from a single ancestral refugial population situated in the Central and/or Northern Apennines, even though the Table  S1 . (b) Drift distances between populations as estimated with the admixture F-model (AFM). Coancestry between populations is the mean of the posterior means from 10 independent Markov chains. Distances were calculated from the posterior mean coancestry matrix to draw the dendrogram potential contribution of eastern refugial populations cannot be excluded.
Adult tree data
All adult trees were genotyped at 374 single-nucleotide polymorphism (SNP) loci originating from three different sources. Our aim was to estimate demographic distances between populations, so we attempted to select principally neutral markers. First, we used 220 out of 267 SNPs from Roschanski et al. (2016) : we excluded the 25 SNPs that coded for non-synonymous mutations and 22 others where we had more than 10% missing data. Second, we selected 110 new putatively neutral SNPs from the transcriptome assembly of Roschanski et al. (2016) , based on respective values of Tajima's D between 2 and −2 and dN/dS between 0.9 and 1.1, and with low LD with the existing 220 SNPs (r 2 < 0.1 and p-value > 0.05). However, only 25 of these SNPs were successfully genotyped, most likely because the primer sequences were not specific enough (results not shown). Third, we selected 149 SNPs from the control panel of Mosca et al. (2012) that had less than 5% missing data in that study. Of these, 129 SNPs were successfully genotyped. Both DNA isolation and genotyping using KASP arrays was performed using the all-inclusive service from LGC Genomics (Middlesex, UK).
Ten of the adult trees per population were measured for δ 13 C. Needles were sampled in spring 2016 for 2015 grown needles. Approximately 80 mg freeze-dried needle material was milled in 2 ml polypropylene tubes equipped with a 5 mm glass ball at 30 Hz for 4 min. Subsamples of approximately 5 mg needle powder were combusted in an elemental analyzer (Flash EA by Thermo Finnigan, Bremen, Germany) coupled to an isotope ratio mass spectrometer (Delta XP by Thermo Finnigan, Bremen, Germany) by a Conflo II interface (Thermo Finnigan, Bremen, Germany).
Seedling common garden data
In April 2010, from three mother trees per population (subsequently called families) approximately 2000 seeds were sown in open-air nursery beds at the Swiss Federal Research Institute WSL in Birmensdorf, Switzerland (47°2 1′42″N, 8°27′22″E, 550 m a.s.l.). Families and populations were not replicated or randomized in the nursery because the soil was well mixed and the terrain was mostly flat, but the position of each family was recorded to check and control for spatial auto-correlation (see Supplementary Methods S1). In spring 2012, at least 12 randomly selected viable seedlings per family were transplanted to an open experimental field site near Matzendorf, a former pasture on a south facing slope (20-24% incline) in the Swiss Jura Mountains (47°19′35″N, 7°36′42″E, 1090 m a.s.l.).
Seedlings were planted at 30 × 40 cm spacing, provenances and families were randomized across 16 blocks. Both the nursery and common garden locations were within the natural range of silver fir. Note that the data presented here were part of a larger experiment involving more species and populations, see Frank et al. (2017b) for more details.
Phenotypic measurements used herein were performed during the fourth and fifth growing seasons, in 2013 and 2014 respectively. The 2013 measures and Terminal Bud Break 2014 were published in Frank et al. (2017b) ; see also Supplementary Methods S1. Traits analysed herein included Terminal Bud Break (2013 and 2014, variable names capitalized hereafter) and Lateral Bud Break (2013) defined as the Julian date when the membrane below bud scales was broken and the first green needles became visible, Growth Cessation (2013) defined as the date when 95% of terminal leader height growth was achieved, Maximum Growth Rate (2013) calculated as the first derivative of the growth curve fitted to 5-17 height measures recorded during the growing season following the procedure proposed in Frank et al. (2017b) , Growth Duration (2013) defined as time from Terminal Bud Break to Growth Cessation, Height (2013 and 2014) defined from the ground surface to the uppermost bud base, and Diameter (2013 and 2014) at 2 cm above ground surface. The latter two were measured after Growth Cessation. For clarity, we call Height and Diameter morphology traits, Maximum Growth Rate and Duration growth traits, and Terminal/Lateral Bud Break and Growth Cessation (equivalent to bud set) phenology traits. In total, we analyzed 880 observations. All traits were normally distributed, or could be approximated with a normal distribution in the case of discrete traits, and correlated with one another to a varying extent (Supporting Information Fig. S2 ).
Environmental data
We used downscaled historical climatic data to characterize environmental differences among populations. In order to obtain the closest representation of the climate of the period when the current populations were established, we used data from 1 January 1901 to 31 December 1978. The choice of this period was justified by two facts: (i) no observationbased climate data go back further in time, and (ii) starting from approximately 1980, the temperature time series are overwhelmed by the effect of global warming (Harris et al. 2014) . We used statistical downscaling using the delta method (Hay et al. 2000) to obtain 1 km grid scale monthly minimum, maximum and mean temperature, and total precipitation fields for this period. The reference climatic data set was the 0.5°resolution CRU TS v. 4.01 data (20 September 2017 release, Harris et al. (2014) ) available for the 1 January 1901-31 December 2016 period, while the downscaling was based on the overlapping period (i.e., 1 January 1979-31 December 2016) with the 1 km resolution CHELSA data (Karger et al. 2017) . Further, soil available water capacity (AWC) was obtained at a 250 m resolution from the Soilgrids data base (Hengl et al. 2017) .
We calculated the 19 bioclimatic variables (Booth et al. 2014 ) using the R package dismo (Hijmans et al. 2017) , two potential evapotranspiration (PET) indices and four standardized precipitation-evapotranspiration index (SPEI) variables using the R package SPEI (Beguería and VicenteSerrano 2017) , two indicators of late frost, and the selfcalibrated Palmer's drought severity index or scPDSI (Wells et al. (2004) , Table 1 ). SPEI and scPDSI were summarized as measures of drought severity and frequency across the full monthly time series (Table 1 ). All climatic variables were considered as raw values or as deviations from the common garden environment in Matzendorf (based on the CHELSA data for the period of 1 January 1979-31 December 2013). However, the two ways of calculating the climate led to the same conclusions (results not shown), so we present results with the raw variables only for ease of interpretation. PET potential evapotranspitation, scPDSI Palmer's Drought Severity Index, SPEI standardized precipitation-evapotranspiration index
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Statistical analysis
We used the statistical framework developed by Ovaskainen et al. (2011) and Karhunen et al. (2014) with slight modifications. Briefly, this methodology integrates genetic, phenotypic and environmental data to test if trait differentiation measured in a common garden experiment reflects local adaptation, while accounting for past demography inferred from supposedly neutral molecular marker data, and to identify potential environmental drivers. The three steps of this analysis were (i) inference of the demography, (ii) estimation of the additive genetic trait values in a supposed ancestral population and contrasting these with their equivalents in the contemporary populations, and (iii) assessing if the deviations of additive genetic trait values from the ancestral values can be explained by environmental variation. We detail these steps in the following paragraphs (see also Supporting Information Fig. S1 for an overview). First, we estimated the coancestry matrix (i.e., drift distances) between all pairs of populations from variation in SNP allele frequencies assuming an admixture F-model (AFM) and using a Metropolis-Hastings algorithm implemented in the R package RAFM (Karhunen and Ovaskainen 2012) . Further, we compared the posterior mean coancestry matrix against that estimated using the Bayesian clustering algorithm implemented in the software STRUCTURE v.2.3.4 (Falush et al. 2003) . See details of the demographic inference in Supplementary Methods S2.
Second, we used the method of Ovaskainen et al. (2011) to test if the estimated additive genetic trait values of the contemporary populations have diverged more from the ancestral value than expected by genetic drift only. We used a slightly modified version of the R package driftsel (Karhunen et al. 2013 ) that co-estimates the ancestral variance-covariance matrix (G A ), the ancestral mean additive genetic trait values and the effect of covariates (i.e., the fixed effects), and the population effects (i.e., deviations from the ancestral mean) using a Bayesian mixed-effects animal model. This model is different from a classical animal model (reviewed in Kruuk et al. (2008) ) in that it accounts simultaneously for the family structure of the common garden (i.e., the pedigree) and the drift distances (i.e., the demography) previously estimated from genetic marker data. In Ovaskainen et al. (2011) a single statistic, the S-statistic, is calculated to evaluate the overall evidence for selection across all populations. S = 0.5 indicates consistency with neutrality, S = 0 implies a match with purifying, and S = 1 with diversifying selection. In this study, we also assess to what extent the particular populations deviate from their neutral expectation (see Supplementary Methods S3 for details).
We tested all traits individually and all pairwise combinations between traits measured in the same year. Seed weight and block of the common garden were included as covariates. We ran three independent Markov chains of the Bayesian animal model using a burn-in of 50,000 iterations followed by 30,000 iterations for estimation for single traits, and a burn-in of 70,000 iterations followed by 30,000 iterations for estimation for trait pairs, both with a thinning interval of 20. The three independent chains converged to similar optima and led to the same conclusions concerning the signature of selection for the single-trait and two-trait analysis (potential scale reduction factor for the S-statistic ranged between 0.99 and 1.1 across all traits). However, with more than two traits the convergence was no longer optimal, so we did not consider these higher order trait interactions.
Third, we attempted to identify the potential environmental drivers of adaptive divergence between populations. We used the H * -test, which can be viewed as a standardized version of the H-test developed by Karhunen et al. (2014) (2011) approach, we also performed a classic Q ST − F ST test using the bootstrap procedure described in Whitlock and Guillaume (2009) implemented in the R package QstFstComp (Gilbert and Whitlock 2015) 2 . We considered a one-tailed test, because we were interested in testing for adaptive divergence only, thus Q ST being significantly greater than F ST .
Finally, the resemblance between the family members measured in the common garden experiment can also be exploited to estimate the evolutionary potential of the studied traits. Two commonly used measures of evolutionary potential are the heritability (h 2 = V A /V P ) and the additive genetic coefficient of variation (CV A = σ A /M) (Mittell et al. 2015) , where V A is the additive genetic variance and σ A is its square-root, V P is the total phenotypic variance and M is the trait mean. CV A is dimensionless, independent of other sources of variance, thus has been advocated for comparisons between traits (Houle 1992 , Hansen et al. 2011 .
Results
Population history
The STRUCTURE analysis and the estimated drift distances among populations using AFM indicated the presence of two main clusters that correspond to Eastern and Western Swiss populations (Fig. 1) . In addition, the population POS did not belong to either of these two groups, which is plausible given its isolated geographic location on the south side of the Swiss Alps (Fig. 1) . The posterior mean global F ST across the 19 populations based on the coancestry matrix was 0.0184 (95% credible interval: 0.0167, 0.0202). In contrast, F ST estimated with the Whitlock and Guillaume (2009) approach was 0.0056 (95% confidence interval: 0.0051, 0.0061). Both methods show that F ST is small, which reflects recent divergence between Swiss populations (approximately 200 generations if we assume a colonization 8 kyr BP and a generation time of 40 years) and ongoing gene flow due to long-distance dispersal. Further, F ST from driftsel is likely lower because driftsel explicitly models the demographic distances between populations, and it is less sensitive to the level of polymorphism in marker loci (Karhunen and Ovaskainen 2012) . Demographic distances between populations estimated using RAFM or the software STRUCTURE were similar; the highest similarity between the two was achieved for K = 4 in STRUCTURE (Mantel statistic of 0.891, which is similar to deviations between different chains of AFM; see Supplementary Methods S2 for more details).
Adaptive trait divergence across all populations
Similar degrees of adaptive divergence were revealed using the S-test of Ovaskainen et al. (2011) and classic Q ST − F ST comparison (Whitlock and Guillaume 2009) across traits (Table 2 ). Using either of the methods, the strongest signature of selection was observed for seedling Height followed by the Bud Break traits, then for Growth Duration and Diameter. Traits measured both in 2013 and 2014 revealed similar signatures of selection, but in the Q ST − F ST test Terminal Bud Break was only marginally significant in 2014. Maximum Growth Rate and Cessation showed no evidence of adaptive divergence in either of the tests due to their high within-population variance (Table 2) .
Several trait pairs showed a signature of selection using the S-test, mostly those that already did so in the single-trait analysis (Fig. 2a) . We extracted the genetic correlations between traits from the posterior mean ancestral G-matrix (G A ), and assessed if the 95% credible interval included zero (Fig. 2a , Supporting Information Table S3 ). Trait pairs that involved Height had the highest S statistics, but their genetic correlations did not differ from zero. Bud break often had high genetic correlations with growth traits and also high S values. The lowest S was observed between the Maximum Growth Rate and Growth Cessation (Fig. 2a) . We used a standardized Mantel test following Cheverud (1988) to compare the phenotypic variance-covariance matrix (Pmatrix) with G A . The null hypothesis is no association between genetic and phenotypic matrices. The test was averaged across the posterior distribution of G A . Five trait pairs had significantly different G A and P-matrices (Manteltest, p > 0.05), but only two had r g different from zero (Supporting Information Table S3 ): Terminal and Lateral Bud Break, and Terminal Bud Break and Growth Duration. These two trait pairs were more strongly genetically correlated than expected based on the phenotypes (Fig. 2b) . The posterior mean r g was at its maximum value for Terminal and Lateral Bud Break, which is likely due to developmental constraints. Further, Terminal Bud Break and Growth Duration also had a 38% higher genetic than phenotypic correlation (Fig. 2b) .
Adaptive life-history strategies of particular populations
Unusual trait divergence at several populations contributed to the overall signature of selection using the S-test. Figure 3 shows, for each trait, how much each population diverged from the ancestral mean and if this divergence is more than expected by drift. The highest number of populations with adaptive divergence was observed for Height (Fig. 3a, b) : seven (in 2013) and eight (in 2014) out of 19 populations deviated from their neutral expectations. All these outlier populations evolved towards a higher mean height and no populations have been selected for reduced height. The S-test revealed also a signature of selection for Diameter (Table 2) , however, none of the particular populations showed unusual divergence (Fig. 3c, d ). Yet, since there was a strong genetic correlation between Height and Diameter, the same populations showed the largest Diameter as for Height (Fig. 3a-d) . The signature of selection on bud break traits was dominated by divergence in one population (SIR) that had unusually early bud break (Fig. 3e-g ).
Similarly, for Growth Duration, unusually longer growth duration was detected in two populations only, SIR and MGY (Fig. 3i) . In the two-trait analysis, the correlated evolution of Bud Break, Growth Duration and Rate of particular populations became even more apparent (Fig. 4) . SIR and MGY still showed a signature of selection, but at the opposite end of the trait space, and population VRG evolved towards late Terminal Bud Break and shorter Growth Duration. These patterns can be interpreted as contrasting life-history strategies. SIR and MGY followed a "start early and grow slowly" strategy, i.e., they burst buds early, and then grow for a long time at a low rate, while at the other end of trait space, population VRG followed a "start late and grow fast" strategy, i.e., bursts buds late, but then grows fast for a short period of time (Fig. 4) .
Phenology and growth traits' posterior mean additive genetic trait values were significantly correlated with δ 13 C in adult trees measured in-situ (2013 Terminal Bud Break, r = −0.54, p-value = 0.033; 2014 Terminal Bud Break r = −0.5, p-value = 0.055; 2013 Lateral Bud Break r = −0.56, p-value = 0.025, 2013 Maximum Growth Rate r = −0.53, p-value = 0.041; 2013 Growth Duration r = 0.53, p-value = 0.037). The correlations with the phenology-growth complex were such that the "start early and grow slowly" seedling strategy had, on average, higher water use efficiency in adults, while the "start late and grow fast" seedling strategy low water use efficiency in adult trees (Fig. 4) . In contrast, the other traits were not correlated with mean δ 13 C (absolute value of r < 0.25 and p-value > 0.58). pvalues were corrected for multiple testing using the method of correction for non-independent tests (Cheverud 2001) ; see all additive trait value-mean δ 13 C correlations in Supplementary Information Fig. S3 .
Environmental drivers
Environmental PC axes explained a non-zero proportion of the trait divergence for most traits, but the highest correlations (>90%) were obtained for Height, Lateral Bud Break and Growth Duration ( Table 3 ). Notice that, not surprisingly, these traits showed a signature of selection with the S-tests (Table 2 and Fig. 3 ). For each of these traits a particular aspect of the environment mattered. For Height, and also for Diameter to some extent, environmental PC axis 1 showed the highest correlations with trait divergence (Table 3 ). The raw environmental variables that had the highest loadings on PC1 were variables related to the mean and variance in temperature, such as Annual Mean Temperature (bio.1), Elevation, Potential Evapotranspiration (PET.thorn), Late frost (late.frost2), or Isothermality (bio.3) (see the list of top ten variables in Table S2 ). Figure 5a shows the full environmental space defined by PC1 and PC4, which was the second most important axis for Height: populations that evolved towards a taller stature are situated in the warmer and more thermally stable part of the climatic space.
For the phenology-growth complex, PC axes 2 and 5 had the highest correlations with trait divergence (Table 3) . The environmental variables with the highest loadings on these axes were principally variables related to the mean and variance in precipitation, such as Annual Precipitation (bio.12), Precipitation Seasonality (bio.15), Precipitation of Wettest Quarter (bio.16) (see the list of top ten variables in Table S2 ). Thus, the "start early and grow slowly" seedling strategy of SIR and MGY, together with their high water use efficiency as adult trees (Fig. 4) , has potentially evolved as a response to the low yearly total amount of precipitation (755 mm in SIR and 801 mm in MGY) and low Colors indicate a proxy for water use efficiency, mean δ 13 C of ten adult trees per population. Less negative δ 13 C indicate higher water use efficiency. The capital letter A in the middle of the ellipses indicates the estimated ancestral additive mean trait value. Ellipses represent the median amount of trait divergence that is expected based on drift for each population (null hypothesis). Population codes (3 letters) represent the median of the posterior distribution of the additive trait values for each population. Populations with strong evidence of selection using the S-test are highlighted with an ellipse in color (identical to that of the population code). Ellipses of populations that do not deviate from drift are shown in gray precipitation seasonality (Fig. 5b) . At the other end of the trait space, the climate of population VRG is characterized by high levels of yearly total precipitation (1621 mm) and ample winter snow as reflected by its higher precipitation seasonality (Fig. 5b) .
Evolutionary potential
We found the highest potential for evolution in three growth traits: Maximum Growth Rate, Growth Duration and Diameter, while spring phenology showed the lowest potential for evolution (Table 2) . Estimating the additive genetic variance across the 19 populations and 57 families (three families per population) involves the assumption that the additive genetic variance is constant across the sampling area. We tested this hypothesis using the larger data set used by Frank et al. (2017b) involving 4107 observations from 91 populations and 259 families. We found that estimates of CV A were not strongly affected by the reduction in sample size, and h 2 and CV A were similar across three main geographic regions of Switzerland (Supplementary Methods S1), suggesting that our sample size was sufficient to estimate the evolutionary potential across the 19 populations.
Discussion
Are there general patterns of adaptation across a heterogeneous environment?
In this study, we found evidence for locally adapted lifehistory strategies across a heterogeneous Alpine landscape. The high number of populations leveraged the power of classical Q ST − F ST tests and led to similar global conclusions as the S-test of Ovaskainen et al. (2011) (Table 2) . However, using our novel methodology, we were also able to identify adaptive life-history strategies in a multi-trait space and pinpoint which populations show a signature of adaptive divergence (Ovaskainen et al. (2011) and Supplementary Methods S3). In particular, we identified two groups of correlated characters whose evolution could be driven by particular environmental cues. First, our results suggest that the two morphological characters, Height and Diameter, evolve in a correlated manner, and that warmer and more thermally stable environments select for larger stature (Fig. 5a) . Second, we identified a phenology-growth trait complex that may evolve in response to precipitation. Populations from areas characterized by generally low levels of precipitation and drought evolved to start the growing season early and then grow slowly, and also to have a high water use efficiency (Figs. 4 and 5b) . These populations, SIR and MGY, originate from a dry inner Alpine valley of Switzerland, the Rhône Valley. Further, the other Rhône Valley populations, GRY and BRS, and populations from other areas of Switzerland with a similar climate, such as the Rhine valley (JEZ) and Ticino (PRA) are also the closest in the phenology-growth trait space to SIR and MGY (Figs. 1 and 4) . In contrast, VRG, situated in a valley characterized by ample precipitation, evolved towards a "start late and grow fast" strategy. Again, independent data from adult trees corroborated our findings in that, VRG, and other populations from humid sites, such as GRB and MUO, had a low water use efficiency (Fig. 4) .
The length of the annual development cycle of temperate trees is constrained between two opposing forces: maximizing the length of the vegetative season while avoiding late frost and summer drought. This life-history trade-off is particularly important in mountainous environments, where the length of the growing season is often limited by late snow or compromised by summer drought in dry, inner Alpine valleys. Our study region is relatively small, and limited to one part of the Alpine range. However, the correlation between the phenology-growth life-history trade-off in seedlings and water use efficiency in adults provides independent evidence for this trade-off (Fig. 4) , and supports the existence of a general pattern of adaptation across a mountainous landscape. Thus, we speculate that the phenology-growth life-history trade-off may be more general across other mountainous regions and provide a testable prediction in other mountain ranges and species.
Why are some traits under selection and not others?
Demonstrating selection for taller stature in a tree is not surprising because tall stature has numerous fitness advantages. Taller seedlings/young trees have access to more light and can out-compete their neighbors, and high stature in mature trees can facilitate pollen and seed dispersal (Petit and Hampe 2006) . Interestingly, at least some of the populations that appear to have been selected for larger stature (Fig. 3a, b) are located in the Swiss Plateau, where the effect of forest management cannot be fully excluded (e.g., Bürgi and Schuler 2003) . Since tree height is also a key trait from an economical point of view, there is a possibility that the observed patterns are, in part, a result of artificial selection for height.
A long-standing hypothesis in evolutionary biology is that traits belonging to the same functional and/or developmental group are genetically more integrated than traits with different functions or developmental origins (Berg 1960; Pigliucci and Preston 2004) . Several empirical studies found evidence that there is greater genetic and phenotypic character integration within suites of functionally or developmentally related traits than between them, e.g., within or between floral vs. vegetative traits in plants (Waitt and Levin 1998; Baranzelli et al. 2014) . Here, we found two trait pairs with an ancestral G-matrix that was significantly different from the P-matrix, and in both cases the genetic correlation was significantly higher than the phenotypic correlation. First, between Terminal and Lateral Bud Break the genetic correlation was one, which illustrates a complete character integration (Fig. 2b) . Second, between Terminal Bud Break and Growth Duration (Fig. 4) , which suggests that, at the physiological and molecular level, spring phenology and growth are strongly linked.
There is overwhelming evidence of adaptive clines for bud set (a proxy for growth cessation) in many forest tree species, including conifers, but none in Abies species (Alberto et al. 2013) . Consistently, in this study, Growth Cessation did not show evidence of adaptive divergence. The explanation may lie in the deterministic bud development of Abies species (Cooke et al. 2012) . They produce terminal buds during the summer at the tip of each leading branch shoot and remain dormant during the following winter. Each bud contains a preformed stem unit composed of internodes and leaf primordia that will grow to branches and photosynthesizing needles, respectively, during the following growing season.
Potential limitations and caveats
Adaptive trait divergence may be a result of local adaptation or adaptive phenotypic plasticity (Merilä and Hendry 2014) . To tell these two apart, one has to measure trait values of a particular genotype across different environments. Common garden studies of forest trees often observe site-specific effects for growth or phenology, indicative of adaptive plasticity (Alberto et al. 2013) . For example, Santos-del Blanco et al. (2013) found a growth-reproduction trade-off in Pinus halepensis, with trees in high stress sites investing more in reproduction and trees in low stress sites investing more in vegetative growth. Here, we only had a single common garden and the relocation to Matzendorf did not affect all provenances the same way. Thus, we could not distinguish between local adaptation and adaptive plasticity. Nevertheless, even if plasticity is known to play an important role in explaining phenotypic differences, the signature of adaptive divergence is often confirmed across all tested common garden sites (e.g., Rodríguez-Quilón et al. 2016) .
Plasticity could have also caused the observed spatial variation in δ 13 C measured in adult trees in-situ. It appears that the importance of plastic and genetic factors is species specific even among conifers. For example, in Pinus sylvestris, Santini et al. (2018) suggested that plastic, and not genetic, responses dominate the inter-population variability in water use efficiency, even though, admittedly they did not have progeny information. In contrast, Voltas et al. (2008) reported large genetic differences among populations in Pinus halepensis using a common garden trial. δ 13 C is also prone to temporal, year-to-year, fluctuations because it integrates the photosynthetic activity through the period the tissue was synthesized, which is a single growing season. While measures of δ 13 C are often correlated across years (e.g., Chevillat et al. 2005) , environment can also have an effect (e.g., Rinne et al. 2015) . For example, a temporal increase in water use efficiency due to anthropogenic CO 2 and N fertilization have been reported across different forest tree species across Europe (Saurer et al. 2014) . Finally, spatial variation, notably latitudinal and altitudinal trends, in δ
13
C have long been demonstrated (Körner et al. 1991) . However, it is often difficult to pinpoint single environmental variables across regional or continental spatial scales that explain the variation in δ 13 C (Leonardi et al. 2012) . Thus, we estimated that any attempts for environmental corrections of the population mean δ 13 C would lack a solid basis.
Common garden studies that use seeds from wild populations may provide inaccurate estimates of population differentiation, particularly for early traits, due to environmental maternal effects (Bossdorf et al. 2005) . Quantitative genetic studies that control for genetic and/or epigenetic maternal effects in forest trees are still rare (Alberto et al. 2013) . Although there is evidence for long-lasting effects of seed size in Pines (Zas and Sampedro 2015; Surles et al. 1993) , such effects are less obvious in other conifers (St. Clair and Adams 1991). Nevertheless, we controlled for the average seed weight of the families in the Bayesian animal model (see also Supplementary Methods S1), which is, admittedly, just one component of the maternal effects. More recently, the role of epigenetic 'memory' effects has been demonstrated in forest trees (Prunier et al. 2016) . For example, a common garden transplantation experiment of Norway spruce and European larch found that the previous year's environment and provenance contributed to the current year's bud break phenology (Gömöry et al. 2015) . Similar effects could have played a role in our experiments, however, all populations experienced the same year-to-year environmental fluctuations.
The design of the common garden study suffers from three potential limitations. First, for height, the results might be sensitive to non-randomization in the nursery (see Supplementary Methods S1). Seedlings were likely stressed from the replanting from the nursery to the common garden location in 2012, which may still be detectable in 2013 Height (Supplementary Methods S1), and, in 2014, a frost event in March damaged some seedlings. However, even with this new stress, the evidence for adaptive trait differentiation was almost identical to that in 2013 (Fig. 3) . Second, we had phenotypic observations from three families per population, which is rather low. Nevertheless, using the full phenotypic data set of Frank et al. (2017b) across 91 populations, we were able to combine populations from nearby regions, thereby increasing the number of families to 5.3 families per population, on average. We found that estimates of evolutionary potential and also Q ST were extremely similar to those obtained from three families (Supplementary Methods S1). Third, we estimated the evolutionary potential, in particular, the evolvability, across many populations, thereby assuming that the additive genetic variance is constant across the study region. Laboratory experiments have shown that the G-matrix can change in response to drift or selection, but maybe not in the wild (Delahaie et al. 2017) . To test this hypothesis, we estimated the h 2 and CV A separately for the three main climatic regions as defined by foresters. We found that the evolutionary potential was similar across the three regions (Supplementary Methods S1), suggesting that the assumption of constant additive genetic variance across Swiss populations is acceptable. Overall we found that CV A was much more robust to any of the three above-cited issues than h 2 , in agreement with previous studies (Houle 1992; Hansen et al. 2011) .
Practical implications and the future of silver fir in the study area Silver fir has been identified as a conifer with great ecological and economic potential for the future because of its high tolerance to bark beetle attacks (Wermelinger 2004) , and because it may cope well with drought stress (Lebourgeois et al. 2013; Vitali et al. 2017; Frank et al. 2017a) . Nevertheless, silver fir may already be threatened in some Mediterranean areas, where die-back events have been documented (Cailleret et al. 2014) , or in Southwestern Europe, where reduced growth has been reported (Gazol et al. 2015) . In this study, we found that silver fir was able to evolve to a taller stature in warm and thermally stable regions, such as the Swiss Plateau. Indeed, positive effects of climate warming have been observed in temperate forest trees, where warming enhanced growth (Gazol et al. 2015) . Since height, diameter and growth rate have the highest evolvability and strongest signature of selection among the studied traits (Table 2) , we may speculate that some populations will respond with enhanced growth. However, the predicted pace of climate change is much faster than it has been during post-glacial expansion/re-colonization, thus assisted migration may provide a practical solution to overcome this rapid rate of change (Aitken and Bemmels 2016) . Based on our results, populations of the Rhône and Rhine Valleys could provide drought tolerant seed sources for future plantations in other parts of Switzerland.
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